A highly sensitive immunosensor based on scanning tunneling microscopy (STM) was developed for the first time to detect living material such as HIV-1 virus by gold (Au) nanoparticle and fragmented antibody complex. Fragmented antibodies were pre-immobilized on the Au surface, then HIV-1 virus like particles (HIV-1 VLPs) and Au-nanoparticle and fragmented antibody complexes were applied to develop sandwich assay. The developed surface morphology and the current profile of fabricated immunosensing element were characterized by Raman spectroscopy and investigated with STM. The power spectrum derived from the current profile was found to be related with concentrations of HIV-1 VLPs. Using the electrical detection method based on current mapping profile of STM, living material such as virus, HIV-1 VLPs, was able to be detected successfully. The proposed technique can be a promising method to construct the highly sensitive and efficient sensor for detecting viruses and other living materials.
INTRODUCTION
Viruses are the infectious agents of most destructive diseases effecting animals and plants. 1 The threatening mechanisms of viruses are diverse, but generally viruses are comprised within DNA or RNA genome bounded by capsid proteins. 2 The existing viruses require a host such as bacteria, plants, animals, and including humans to propagate their existence. 3 Most virus related disease such as flu or common cold are exterminate by the host innate immune response, but more serious disease caused by viruses are evading this mechanism and threatening host survival. 4 The Human immunodeficiency virus (HIV) is well known variants which causes AIDS in human and affects the immune system to allow life-threatening infections. To understand the phenomena and to find a cure for AIDS, the HIV was intensively studied over the years. 5 However, virus identification and quantification methods are still time consuming and often expensive, therefore, there is a great demand for rapid, sensitive and accurate virus biosensors. * Author to whom correspondence should be addressed.
Most of the available commercial analytical systems are based on optical detection methods with fluorescence. However, labeling with fluorescent dyes is very expensive and gives nonspecific false detection, due to photobleaching. Moreover, SPR technique also has been widely used to detect virus, 6 but platforms using optical fibers and miniature prism couplers have been limited due to modal noise and polarization instability. 7 Since, the currently used high performance optical measuring devices remain expensive and are not portable, electrical detection systems in the field of analytical systems are of growing interest. Compared with optical detection methods, electrical detection method have been significantly emerged as outstanding detection technique to measure biological binding events based on its virtue of immediate response, cost effectiveness, and integration with semiconductor technology. 8 Moreover, in recent researches, the electrical detection method also made it possible to detect single viruses and cancer markers. 9 10 In the STM technique, the produced tunneling current between the tip and sample are very sensitive to detect any changes that occur on the sample surface. 11 develop vertically-configured electrical detection system to measure biological binding events effectively. In our previous studies, we develop a biosensor using STM to detect wide range of molecules from peptide ( -amyloid) to cancer marker (prostate specific antigen) based on antibodyantigen interactions. 12 13 However, living material such as virus detection based on current mapping profile of STM has not been reported yet. To extend the research further to living material, here for the first time, a new approach for the virus detection method has been proposed by measuring the changes in tunneling current of STM. Virus detection system was utilized with immunocomplexes comprised with target material, HIV-1 VLPs, matching with HIV-1 neutralizing monoclonal antibody fragments, and Au nanoparticle-antibody complex (Fig. 1 ).
EXPERIMENTAL DETAILS

Materials
The broadly used HIV-1 neutralizing gp120 monoclonal antibody (gp120 MAb), 2G12, was purchased from Polymun Scientific (Vienna, Austria). 0.01 wt% Au nanoparticles with a mean diameter of 5 nm and 2-mercaptoethylamine (2-MEA) were purchased from Sigma-Aldrich (St Leuis, MO. USA). Fetal bovine serum (FBS) and antibiotics were purchased from Invitrogen (California, U.S.A.). All solutions were prepared with Millipore (Milli-Q) water followed by distillation. Other chemicals used in this study were obtained as the reagent grade.
Production of HIV-1 Like Particles
HEK293 cells were co-transfected by CaCl 2 transfection with two different plasmids, pCMV-dR8.74 and pDOLHIVenv, which is containing Gag and Pol, and Env components of HIV-1, respectively.
14 Co-transfected HEK293 cells were cultured in DMEM medium with 10% FBS and 1% streptomycin/penicillin at 37 C in 5% CO 2 . After transfection steps, supernatant was collected and HIV-1 VLPs were concentrated by ultracentrifugation and resuspended by DMEM. The concentration of produced HIV-1 VLPs were determined by p24 ELISA assay kit (Perkin-Elmer, Boston, MA) (data not shown).
The Fabrication of Antibody Fragments
Antibody fragment was utilized for the immobilization on the surface of Au substrate and Au nanoparticle, base on the thiol (-SH) group. 2-MEA solution was applied to the gp120MAb solution for the fragmentation of immunoglobulin G molecules. After 90 min. incubation under 37 C, the residual MEA was removed through the dialysis membrane with molecular cut-off membrane against phosphate buffered saline-ethylene diamine tetra acetic acid buffer (PBS-EDTA, pH 7.4).
The Preparation of Au Nanoparticle-Antibody
Complex and Biosurface For the fabrication of electrical detection probe, Au nanoparticle-antibody complex was carried out by following steps. The mixed solution of Au nanoparticle and fragmented gp120 MAb solution was prepared after dilution with deionized water in a volume ratio of 1:3:6. After 2 hour incubation, 5% casein was added for the stabilization. Finally, reacted Au nanoparticle-antibody complex solution was centrifuged at 34,000 rpm for 1 hour at 4 
Analysis of Biosurface by Raman Spectroscopy
The Raman spectrum were recorded by a NTEGRA Spectra (NT-MDT, Russia) equipped with a liquid nitrogencooled CCD detector and an inverted optical microscope (OlympusIX71); The XYZ scanning range was 100 m, 100 m, 6 mm 3 and the resolution of the spectrometer in the XY plane was 200-500 nm along the Z axis. Raman spectra were obtained using an infrared laser that emitted light at a 785 nm wavelength for 300 s. Five scans from 200 to 1400 cm −1 were recorded and the mean intensity was used as the Raman signals.
Scanning Tunneling Microscopy (STM) System
The surface topography of the prepared biosurface was obtained by commercially available scanning tunneling microscopy (STM, XE-100, Park Systems, Korea). Information with respect to surface topography and current profile was acquired under the condition of I set = 0 5 nA, and V bias = 0 5 V when the STM investigation was carried on the surface with Au nanoparticle-antibody complex.
RESULTS AND DISCUSSION
Characterization of Au
Nanoparticle-Antibody Complex The Au nanoparticle-antibody complex was characterized by UV-Vis spectrophotometry. UV-Vis spectrophotometry is used for qualitative identification of components based on its unique absorbance. Au nanoparticle is known to absorb the light at a visible range, when Au nanoparticle with 5 nm mean diameter was introduced, the absorption wavelength was observed to be 525 nm ( Fig. 2(a) ). On the other hand, biomolecules such as antibodies absorb light at a 280 nm due to the electronic transition that is associated with the aromatic rings of the amino acids that make up the protein such as Tyrosine, phenylalanine, tryptophan, and histidine residues (Fig. 2(b) ). Though, the absorbance shape of Au nanoparticle-antibody complex was found to have picks in both at A525 and A280 region (Fig. 2(c)) . Therefore, the existence of Au nanoparticle-antibody complex was verified by analysis of UV-Vis spectra.
Characteristic of Fabricated
Bio-Surface on Au Surface The basic idea of the detection mechanism is the abrupt change of electrical current which is resulted from the localized antibody fragment/target (HIV-1 VLPs)/Au nanoparticle-antibody complexes on the Au surface with sandwich format. To define the fabricated biosurface, Raman spectrum was measured in the 200-1400 cm −1 range (Fig. 3 ). This figure shows the various different Raman peaks that represent the different components and their structural significance. Compare to bare Au substrate ( Fig. 3(a) ), when fragmented antibody is immobilized the characteristic peaks for tyrosine (675 and 800-900 cm −1 ), C N stretch (1081 cm −1 ), Amide III (1240 cm −1 ) are measured, which clearly demonstrates the immobilization of fragmented antibody on Au surface ( Fig. 3(b) ). Once HIV-1 VLPs was applied to the biosurface fabricated by antibody fragment, characteristic Raman peaks were observed and each peak represents the carbohydrates of viral glycoprotein, proteins including different enzymes, and lipids, respectively. The peak at 495, 907, 933, 1348 cm −1 represents the main components of gp120's oligosaccharide such as D-Mannose and N -acetyl glucosamine. 15 The peak at around 1226 cm
and 1264 cm −1 is relate to -sheet and -helix, and similarly the peak at around 1303 cm −1 is given by the -turn and random coil in the amide III region of protein. The p-hydroxy phenyl ring of tyrosine is also shown in the 1178 cm −1 . 16 In addition, the peak at 1089 cm
can be assigned as C C stretching on the lipids of the viral membrane 17 ( Fig. 3(c) ). Thus, the fragmented antibody was well immobilized on the Au surface and binding events of HIV-1 VLPs and immobilized antibody fragment was well defined by Raman spectrum. In the present study, constant current mode of STM operation was employed in which the tunneling current is proportional to the local electron density of scanned surface. When the STM tip scans over the conducting surface, there is a proportional change in the tunneling current at every point on the contour, which provides a current profile of the surface. By using feedback loop for sample approach, the current is kept constant on the vertically adjusted tip and a topographic image of the surface is recorded.
From the surface topography shown in the Figure 4 (A), bare Au surface are formed with around 30∼80 nm sized smooth Au clusters in the overall scan region having roughness average of 0.629 nm. To confirm the formation of biomolecular conjugates along with bare Au surface, the topography of bio-surface composed of HIV-1 VLPs, its immune-reactive monoclonal antibody fragment and Au nanoparticle-antibody complex on the Au substrate is shown in Figure 4(B) . From the obtained STM images, the existence of aggregated biomolecule clusters with Au nanoparticle can be distinguished by 10∼20 nm sized globular structures. Figure 4(C) shows the position where the Au nanoparticle-antibody complex is located has higher electrical current as well as having a topology difference. This local difference in the electrical property leads to a change in tunneling currents like peaks while the STM tip scans the surface. As shown in the Figure 4 , STM current profiles of the bare Au and after the addition of target molecules along with Au nanoparticle-antibody complex can be easily distinguished due to presence of Au nanoparticle. Therefore, obtained results indicate that the proposed analysis method could be used as an immunosensor to measure molecular interactions.
Electrical Detection of HIV-1 VLP Based on STM
When scanning the surface with STM, the dispersed Au nanoparticles-antibody complex exhibited higher electrical currents due to high conductivity of Au nanoparticle. Therefore, the frequency of current peaks could be employed to measure the antibody-antigen binding events relate to Au nanoparticle. In order to measure the target molecule quantitatively, the periodogram regression curves were obtained from the current profiles from STM results (Fig. 5(A) be controlled by different concentration of target. From the regression curve, at an arbitrary point less than pi/4 period, a linear correlation of the dimensionless intensity was obtained with the different concentration (200 fg/mL, 1 pg/mL, 5 pg/mL, 25 pg/mL, and 125 pg/mL) of HIV-1 VLPs (Fig. 5(B) ). When the concentration of HIV-1 VLPs changes, the corresponding current signal also changed within the range. The acquire power spectrum signals could not be distinguished below concentration 200 fg/mL with negative control. Negative control experiments was also tried to isolate the change in the system to a target HIV-1 VLPs, which is related to specific antibody-antigen binding events. When the pure DMEM solution was applied as negative control, the current signal is like that of bare gold substrate. Compare to negative control, when the target materials HIV-1 VLPs were present, the specific bindings run successfully and current signal increased significantly due the Au nanoparticles ( Fig. 5(C) ). From these results, it could be concluded that 200 fg/ml of HIV-1 VLP is the detection limit with proposed STM based electrical detection technique which is developed in this study. Comparing the analytical property (limit of detection: LOD) with previously reported piezoelectric, optical and electrochemical detection methods, [18] [19] [20] proposed electrical detection method could be a promising technique to develop a highly sensitive virus sensor.
CONCLUSION
This study demonstrated that STM current profiles could be utilized for the specific and quantitative detection of HIV-1 particles. We have utilized immunocomplexes comprised of our target, HIV-1 VLPs, matching neutralizing monoclonal antibody fragments, and Au nanoparticleantibody complex. The current profile obtained from this system was successfully utilized to quantitatively measure the concentration of the target. The characterizations of the obtained current profiles were performed using a periodogram analysis. Using the proposed STM based electrical detection technique up to 200 fg/mL of HIV-1 VLP's could be successfully detected. Due to the advantages of the vertical configure electrical detection method based on STM, the proposed immunosensor system for the detection of virus may be applicable to other kind of living materials either alone or as a multiple analysis with appropriate combinatorial design of detection probes.
